Water model experiments were carried out to seek a possibility to control reverse emulsification, i.e., entrapment of slag droplets and mixing time in the molten metal layer covered with top slag. The bath was agitated by centric bottom gas injection. A circular plate was immersed in the bath to change the flow pattern. When the diameter of the plate was larger than the width of the bubble dispersion region formed above the centric nozzle, the recirculating flow was significantly strengthened. As a result, the reverse emulsification and mixing time were systematically controlled by moving the plate in the vertical direction.
Introduction
Bottom gas injection techniques are widely used in the steelmaking processes to enhance mixing, homogenize the temperature of the bath, and remove impurities and nonmetallic inclusions from the bath. [1] [2] [3] [4] [5] Although much information is available on these subjects, the effect of top slag on the mixing time is not fully understood yet except for limited cases. 6) Considering these circumstances, the authors 7) previously focused on this effect and carried out model experiments using silicone oil and water as models for top slag and molten metal, respectively. The mixing time became much longer in the presence of the top layer. This situation was caused by the reverse emulsification of the top slag into the lower water layer. The slag droplets thus entrapped suppressed the recirculating flow induced by rising bubbles.
In this study a circular plate was used to strengthen the recirculating flow, and, hence to shorten the mixing time, T m . The intensity of the recirculating flow was significantly raised by changing the direction of upward moving water flow induced by rising bubbles outward along the surface of the plate. 8) The flow pattern was visualized with a video camera and the velocity of the recirculating flow was measured with particle image velocimetry (PIV). Table 1 . A circular plate was immersed in the bath, as shown in the figure. The diameter of the plate, d p , was 0.050, 0.100, and 0.150 m and the thickness of the plate was 0.010 m. The distance from the initial interface between the two layers to the lower surface of the plate was denoted by h p . When the plate is placed above the initial in- 10) A change in the electric conductivity of water was measured with an electric conductivity sensor placed near the side wall of the vessel and recorded on a personal computer. The distance from the side wall to the sensor was 0.010 m and that from the bottom wall was 0.030 m. The mixing time, T m , was defined as shown in Fig.  2 . The 95% criterion was used to determine the mixing time. Measurements were repeated more than five times under every experimental condition. Figure 3 shows a schematic of the experimental apparatus for PIV measurement. Particles of diameters ranging from d t ϭ75 to 150 mm were used as tracer particles. The density of the particles, r t , was 996 kg/m 3 , being equal to that of water. Tracer particles moving with water in the bath were visualized with a laser sheet. The motions of the particles were recorded with a CCD camera. The visualized images were stored on a personal computer and processed with PIV to determine the velocity vectors of water flow. 9) Experimental conditions are the same as those for the mixing time measurement. The velocity measurement region extended from the position 0.05 m below the initial interface to the position 0.100 m above the bottom wall of the vessel. Figure 4 (a) shows an example of the visualized images of tracer particles. The three thick black lines were caused because the laser sheet was intercepted by bubbles. The velocity vector was determined by dividing the displacement of a representative particle shown in Fig.4 (b) by time difference, ⌬t. In this experiment, ⌬t was 1 ms. Forty instantaneous velocity vectors were averaged to give a mean velocity vector at every measurement position. The measurement time therefore was 20 s. Figure 5 shows the measured values of the mixing time for a gas flow rate, Q g , of 41.4ϫ10 Ϫ6 m 3 /s. The silicone oil was placed on the water layer. The broken line denotes the measured values in the absence of the circular plate. When the plate was placed below the initial interface, Ϫ0.08 mՅ h p Ͻ0 m, the mixing time became very short. On the other hand, the plate had no significant effect on the mixing time when it was placed above the initial interface, 0 mϽh p Յ © 2003 ISIJ 0.04 m. Figure 6 shows photographs of the bath taken under the same blowing condition. The silicone oil was hardly entrapped in the water layer for h p ϭϪ0.020 m, whereas many silicone oil droplets were observed for h p ϭ0.020 m. The number of droplets for h p ϭ0.020 m was greater than that without the plate. Figure 7 shows the velocity vectors for Q g ϭ10ϫ 10 Ϫ6 m 3 /s. It is evident that the velocities of the recirculating flow are much greater in the presence of the plate (h o ϭϪ0.020 m, Fig. 7(b) ) than in the absence of it ( Fig.  7(a) ). The upward moving water induced by rising bubbles collides to the plate and changes its direction outward along the plate. This radial flow induces an intense recirculating flow outside the bubbling jet because the silicone oil is not entrained into the lower water layer. As a result, the mixing time became very short. When the plate was placed in the upper silicone oil layer (h p ϭ0.02 m, Fig. 7(c) ), the outward moving water interacted with silicone oil and its energy was consumed to generate silicone oil droplets in the water layer. An intense recirculating flow therefore could not be formed outside the bubbling jet. This is the main reason why the circular plate has no significant influence on the mixing time when the plate is placed in the upper slag layer. Figures 8 and 9 show the measured values of mixing time for the top layers of silicone oil and n-pentane, respectively. The plate position, h p , was Ϫ0.020 m. In Fig. 8 the mixing time became shorter in the presence of the plate than in the absence of it, as the gas flow rate increased. This result is inferred from the velocity vectors of water flow in the recirculating region shown in Fig. 10(a) . Such a flow pattern appears because the reverse emulsification, i.e. the formation of silicone oil droplets does not take place in the bath. On the other hand, the measured values of mixing time in Fig. 9 were less influenced by the plate. The kinematic viscosity of n-pentane is much smaller than that of water, and, accordingly the n-pentane does not suppress the motion of water near the bath surface so strongly compared to the silicone oil. The velocity vectors shown in Fig. 10(b) are similar to those in Fig. 10(a) .
Velocity Measurement of Water Flow with PIV

Experimental Results and Discussion
Effect of Plate Position on Mixing Time
Effect of the Physical Properties of Top Layer on Mixing Time
Nearly the same recirculating flow as that shown in Fig.  10 would be induced in the real bath regardless of the existence of a circular plate when the kinematic viscosity of top slag is much smaller than that of the molten metal. In other words, a plate is useful when the kinematic viscosity of top slag is much higher than that of molten metal. This situation is just the case in the real ladle refining processes. The present method therefore would be useful for the control of reverse emulsification and mixing time in a molten metal bath covered with top slag.
Criti1capl Diameter of Circular Plate
As already shown in Fig. 8 Figures 11(a) and 11(b) show the photographs of the baths for d p ϭ0.100 m and 0.050 m, respectively. The silicone oil was used as the top layer, the gas flow rate, Q g , was 41.4ϫ10
Ϫ6 m 3 /s, and the plate position, h p , was Ϫ0.020 m. In Fig. 11(b) many silicone oil droplets were entrapped in the lower water layer. Accordingly, a significant difference was seen between the velocity vectors of water flow, as shown in Fig. 12 . When the gas flow rate, Q g , was less than approximately 40ϫ10 Ϫ6 m 3 /s, the width of the plume, i.e, the radial extent of the bubble dispersion region was approximately 0.08 m at the plate position. This width, W, was approximated by the following empirical equation. where b a is the half-value radius of the radial distributions of gas holdup. When the gas flow rate, Q g , was greater than approximately 40ϫ10 Ϫ6 m 3 /s, the width of the bubble dispersion region became larger than the diameter of the plate of 0.05 m, and, hence, bubbles passed around the plate. In this situation, the plate lost its validity because reverse emulsification took place. On the other hand, when the diameter of the plate was 0.100 m, all bubbles collided to the plate and the direction of water flow induced by the bubbles was completely changed outward. This is the main reason why the circular plate looses its validity at around 40ϫ 10 Ϫ6 m 3 /s for d p ϭ0.05 m. Consequently, the critical plate diameter can be given by where v sp is the superficial velocity of gas and n L is the kinematic viscosity of water. This arrangement method was chosen by referring to the previous paper. 10) The measured values can be satisfactorily correlated by this arrangement method. The chain line and broken line denote the data for the top layers of silicone oil and n-pentane, respectively. The plate was absent in the two cases. The mixing time became shorter by immersing a circular plate below the initial interface. The measured values in Fig. 13 can be approximated by the following equation within a scatter of Ϯ35%, as shown in Equations (5) can be rewritten as:
Equation (6) is valid only when the plate is placed just below the initial interface between the silicone oil and water layers, h p ϭϪ0.02 m. When the plate is placed at a deeper position in the water layer, the mixing time could not be approximated by Eq. (6) . Further experimental investigation is required for an understanding of the mixing time under this condition.
Applicability of a Circular Plate to Real Ladle
Refining Processes The experimental results shown above revealed that a cir- cular plate immersed below the initial interface between the top oil layer and lower water layer shorten the mixing time significantly. The mixing intensity therefore would be controlled by traversing a circular plate in the vertical direction near the initial interface between the top slag layer and the lower molten metal layer in the real processes. At the same time, generation of molten slag droplets would also be controlled. Figure 15 shows photographs of the flow fields in the bath for the following different three cases.
(a) A circular plate was initially placed at h p ϭ0.020 m. After the flow in the bath became steady, a KCl aqueous solutions was introduced into the water layer (see Fig. 15(a-1) ). Time, t, was measured from this instance. The plate was shifted downward to h p ϭϪ0.020 m at tϭ5 s (Fig. 15(a-2) ). Figure 15(a-3) shows a photograph of the bath at tϭT m , where T m is the mixing time.
(b) A circular plate was initially placed at h p ϭ Ϫ0.020 m. When the flow became steady, a KCl aqueous solution was introduced into the water layer (Fig. 15(b-1) ). The plate was shifted upward to a position of h p ϭ0.020 m at tϭ5 s (Fig. 15(b-2) ). Figure 15(b-3) shows a photographs of the bath at tϭT m .
(c) A circular plate was placed at h p ϭϪ0.020 m all the way.
The photographs shown in Fig.15 mean that the entrapment of silicone oil droplets can readily be controlled by traversing the plate in the vertical direction. As a result, the mixing time is also controllable. This situation is more clearly explained in the following.
When the bubble dispersion region is smaller than a circular plate placed in the slag layer, the slag existing below the plate is entrapped into the lower molten metal layer and reaches the position which is determined from a balance
